Well-delaminated carboxymethylated nanofibrillated cellulose (NFC Carb ) systems are prerequisites for many industrial applications. In this study it was shown that addition of water, in a narrow range, not only improves the efficiency of the carboxymethylation process, but also enhances the degree of delamination of NFC Carb , which leads to improved properties. The observations were proposed to be due to a more homogeneous distribution of the charged groups, brought about by the higher swelling of fibers with inclusion of water. ADDRESSES OF THE AUTHORS: Ali Naderi (ali.naderi@innventia.com), Jonas Sundström (Jonas.dundstrom@innventia.com), Tom Lindström
Carboxymethylation is probably the most widely used process for functionalization of polysaccharides. Large scale processes, for the production of e.g. carboxymethyl cellulose (CMC), are predominantly carried out by slurry processes, in which the cellulosic material is reacted with monochloroacetic acid (MCA, the reagent) in nonaqueous solvent systems (e.g. 2-propanol, as carboxymethylation in pure water is difficult (Walecka 1956) ) and in presence of sodium hydroxide (NaOH), which acts as the reaction catalyst. In the reaction, MCA reacts with both the primary (O-6) and the secondary hydroxyl groups (O-2 and O-3) on the glucopyranose unit of cellulose chains.
The solution properties of carboxymethylated cellulosic materials are (like other polyelectrolytes) chiefly governed by their charge density. However, the nature of the distribution of the charges in the system also has a significant influence on the system properties. For example, Kötz et al. (1990) found that the apparent pKa of CMC can be altered by the positioning of the carboxymethyl group; the highest pKa was found for the CMC quality that had the bulk of carboxymethyl groups positioned on O-6. Kamide et al. (1985) observed improved liquid absorption properties for CMC systems that had been functionalized chiefly on the O-6 position. And, Heinze et al. (1994) found that the viscosity of CMC decreases to a lesser extent (in high ionic strength conditions) if the CMC polymer contains higher number of 2,3,6-tri-O-carboxymethylated units.
Attachment of charges into the cell-wall of cellulosic fibers leads to the swelling of the fibers in aqueous conditions, which in turn decreases the cohesion among the nanofibrils (Lindström 1992) . Today, the majority of routes for nanofibrillated cellulose (NFC) production employ a chemical step in which charged groups are incorporated into the cellulosic material as a mean to decrease the energy consumption levels in the subsequent mechanical delamination step (Dufresne 2013) . The routes that have attracted most interest by the industry (for NFC-production) include TEMPO-oxidation (Saito, Isogai 2004) , phosphorylation (Noguchi et al. 2015) , physical attachment of CMC-chains onto cellulose fibers (Ankerfors, Lindström 2009 ), and carboxymethylation (Wågberg et al. 2008) . TEMPO-oxidation allows for the production of NFC with a narrow size distribution at low energy consumption levels in the mechanical delamination process. Nevertheless, the total cost for the production of TEMPO-based NFC is high, since the TEMPOradical has to be recovered through costly processes (Miyawaki et al. 2010; Tanikoshi et al. 2011; Nuopponen et al. 2015) ; this makes the NFC material unsuitable for many large-scale low-tech 1 applications. Phosphorylation as pre-treatment process has been proposed to allow for the production of NFCs with narrow size-distributions. However, the accumulated experiences (Naderi et al. 2016) of our group (and others (Ghanadpour et al. 2015) ) indicate that the efficiency of the phosphorylaton reaction is very low (<20% (w/w)), and that high amount of shearing (equalling a high energy cost 2 ) is needed for the production of NFC with a narrow size distribution. The production of NFC systems based on CMC grafting is less costly than the production of the fore-mentioned NFCs. However, the NFC is envisaged to have limited industrial applicability due to a too broad size distribution (Naderi et al. 2015b) . Taken together, the carboxymethylation route has probably the greatest potential in large-scale production of NFC due to (among others) the long proven industrial applicability of the process.
Carboxymethylated nanofibrillated cellulose (NFC Carb ) has been the subject of several studies by our group; the investigations have revealed exciting properties. For example NFC Carb forms strong filament (Håkansson et al. 1 Examples of low-tech applications include rheological modifiers, dry strength additive for improving the mechanical properties of paper and cardboard and polymer-based composites. 2 Interestingly, Oji paper recently announced the intention of large-scale production of phosphorylated NFC (http://www.ojiholdings.co.jp/english/news/2015/151120.html).
2014), and films (Naderi et al. 2015a ) (with excellent oxygen barrier properties (Siró et al. 2011; Naderi et al. 2016) ), and exhibits an exponential increase in the suspension viscosity already at very low concentrations (Naderi et al. 2014b) . Furthermore, the NFC can be used in minute amounts for strengthening of the mechanical properties of paper products (Lindström et al. 2012 ). The NFC system suffers, however, from a considerable fiberfragment content (Naderi et al. 2014a) , which hinders the potential application of the material as e.g. bio-based displayers (Iwamoto et al. 2007 ) (which requires high degree of transparency), production of strong cellulosebased filaments (Håkansson et al. 2014 ) (fiber-fragments have a detrimental impact on the strength), and conducting NFC-based paper products (smoothness of the paper is a key property) (Hu et al. 2013) . Naturally, the problem can be overcome by increasing the shearing (Siró et al. 2011 ) of the fibrous material or by increasing the charge density (Saito et al. 2007 ) of the fibrillated system. However, none of the strategies are economically viable due to the increasing energy cost in the NFC production and the dewatering step 3 ; hence, new approaches have to be developed.
It is known that the reaction medium (solvent) has a profound impact on chemical reactions. For example, Olaru and Olaru (2001) who investigated the impact of different solvent combinations found that presence of ethanol beside acetone or 2-propanol improves the efficiency of carboxymethylation of wood pulp, as compared to when only acetone or 2-propanol are used as solvent. Tijsen et al. (2001) observed that the combination of 2-propanol and water leads to a more efficient carboxymethylation (of potato starch) as compared to combinations of water-methanol and waterethanol. In this connection, the report of Stigsson et al. (2006) is also of interest. The authors found that the combination of 2-propanol and water leads to a more blocky distribution of the charged groups along the cellulose chain compared to when ethanol-water or ethanol-2-propanol-water combinations were employed in the carboxymethylation of wood pulp.
The solvent systems of Tijsen et al. and Stigsson et al., which combine different alcohols with water, can be compared with the 2-propanol-ethanol-methanol solvent system that is currently used in our group for the production of NFC Carb . The comparison implies that inclusion of water can lead to a more homogenous distribution of the charged groups (reagent), due to a higher swelling of the fiber in presence of water. It can then be hypothesized that a more homogeneous distribution of charges in the fibers leads to a more efficient delamination (thanks to a more efficient swelling of the fibers) and hence to a lower fiberfragment content.
To this end we studied the impact of water as a cosolvent on the carboxymethylation of wood pulp and on the properties of resulting NFC Carb . It was found that addition of water (in appropriate amounts) into the reaction medium leads to a more efficient carboxymethylation of the pulp, and (indeed) the enhancement of 3 Dewatering decreases with increasing charge density.
the properties of NFC Carb (e.g. lowering of the fiberfragment content).
Materials and methods

Material
A commercial never-dried TCF-bleached sulfite dissolving pulp (trade name: Dissolving Plus) from a mixture of Norway spruce (60%) and Scottish pine (40%) was obtained from Domsjö Fabriker (Domsjö Mill, Sweden) . The pulp has a hemicellulose content of 4.5% (w/w) (measured as solubility in 18% NaOH, R18) and a lignin content of 0.6% (w/w). This pulp was used for the production of different NFC systems.
Ethanol (Rectapur) was purchased from VWR (Sweden). Monochloroacetic acid (99%, ACS reagent, ClCH 2 COOH), acetic acid (ACS reagent), 2-propanol (ACS reagent), sodium hydroxide (ACS reagent), sodium hydrogen carbonate (ACS reagent), Polyethylenimine (PEI) with a molecular weight of about 25 kg/mol, and methanol (ACS reagent) were purchased from Sigma Aldrich (Sweden).
Poly-dimethyldiallylammonium chloride (DMDAAC, trade name: Alcofix 109) with a charge density of 6.2 meq/g was purchased from Allied Colloids Ltd (UK). Silicon wafers were purchased from MMC Electronic Materials Inc. (Italy).
Deionized water was used through-out the studies.
Carboxymethylation of pulp
The never-dried fibers were dispersed in water ( 1.5% (w/w)) at 10000 revolutions by using an ordinary laboratory pulper. The fibers were then exchanged to ethanol by washing the fibers in one liter of ethanol four times with a filtering step in between. After the solvent exchange process, the fibers (30 g,  20% (w/w)) were impregnated for 30 min with a solution of 2.7 g of monochloroacetic acid in 107 g of 2-propanol. The fibers were then added in portions to solutions that had been heated just below their boiling temperature containing. The solutions consisted of 4.4 g of NaOH, 108 g methanol, and a total of 428 g of 2-propanol and water (different amounts, see Table 1 ). The carboxymethylation reaction was allowed to continue for one hour. Following the carboxymethylation step, the fibers were filtrated and washed in three steps. First, the fibers were washed with 20 l of water. Thereafter, the fibers were washed with two liters of acetic acid (0.1 M) and finally with 10 l of water. The fibers were then impregnated with two liters NaHCO 3 solution (4% w/w solution) for 60 min in order to convert the carboxyl groups to their sodium counterion form. Finally, the fibers were washed with 15 l of water, and drained on a Büchner funnel. It is noted that the standard protocol of our group (which has been the basis of several reports (Naderi et al. 2014a; Naderi et al. 2014b; Naderi et al. 2015a ) does not employ water as co-solvent. The systems (pulp and NFC) based on this protocol will henceforth be referred to as Pulp Standard and NFC Standard . However, the systems that are prepared in reaction medium with water as co-solvent will be referred to as Pulp X and NFC X , where X denotes the amount of water (% (w/w)) in the reaction composition.
The different pulps were stored in a fridge (5C) until further use.
Production of NFC systems
The carboxymethylated pulps were dispersed in water (to a consistency of 2% (w/w)) by a propeller mixer for one hour. The suspensions were thereafter microfluidized (Microfluidizer M-110EH, Microfluidics Corp., USA) by passing the slurries one time at 1700 bar through two Zshaped chambers with diameters of 200 m and 100 m, respectively. The NFCs was thereafter kept in a fridge (at 5C), until further investigations.
Conductometric titration
The total charge of pulp systems, in their sodium counterion form, were determined by means of conductometric titration based on a method developed by Katz et al. (1984) .
Charge density of fibers obtained by polyelectrolyte titration
The apparent distribution of the charges in the carboxymethylated fibers (in their sodium counter-ion form) was determined by using the polyelectrolyte titration method of Winter et al. (1986) . The study was conducted with the aid of poly-dimethyldiallylammonium chloride (DMDAAC). Before use, the polymer was ultrafiltered with a Millipore Labscale TFF ultrafiltration unit using a Pellicon XL membrane (cut-off 5⋅10 5 ) to remove low molecular material. To estimate the molecular mass of the polymers, size exclusion chromatography (SEC) was used. The weight averaged molecular mass of DMDAAC was 550 kg/mol (M w /M n = 3.6).
Water retention value (WRV)
The SCAN-C 62:00 standard was employed for measuring the WRV of the different pulp systems (in their sodium counter-ion form).
Preparation of nanofibrillated cellulose films
Samples with dry contents of about 0.1% (w/w) were prepared by blending (using a magnetic stirrer for about 18 h at 750 rpm) appropriate amounts of the concentrated materials with water. The obtained suspensions were thereafter degassed for one hour. Films were prepared first through vacuum filtration of the suspension using 0.65 µm DVPP filters (supplied by Millipore), and thereafter drying, in constrained form, in an oven for seven hours at 50C.
Tensile strength measurements
An MTS tensile strength machine with a Teststar IIS controller (MTS, USA) was used in the investigations. The samples were kept at 50% RH/23C, for at least three days, before conducting the measurements. The samples were weighted after strips were cut out. The length and width of the strips were 45 mm and 6 mm, respectively; the distance between the grips holding the strips was 30 mm. The strips were then mounted into a tensile strength machine and the mechanical properties were measured with a speed of 100%/min.
Rheological studies
The rheological studies were conducted on samples that after their manufacturing had been stored in a fridge (5C) for at least three days, and then equilibrated overnight at room temperature.
The investigations were performed using a Kinexus stress controlled rotational rheometer (Malvern Instruments, UK) together with the software rSpace (Malvern Instruments, UK). A standard (ISO 3219/DIN 53019) metal concentric cylinder (bob and cup) geometry with serrated surfaces was used (to minimize slippage effects (Nechyporchuk et al. 2014; Naderi, Lindström 2015) ) in the studies. The height and distance between the serrations were 300 µm and 1000 µm, respectively. The diameter and length of the bob were 25 and 37.5 mm, respectively; the diameter and wall height of the cup were 27.5 and 62.5 mm, respectively. A working gap of 9.15 mm was employed in the measurements. The set experimental temperature was 25C; the samples were covered with a protective hood during the measurements.
The NFC samples were sheared at 100 s -1 for one minute in the measuring chamber, as a mean to even out the heterogeneities, and then were left to equilibrate for two minutes before conducting the measurements.
The controlled shear rate measurements were conducted in the range of ̇ = 0.1-1000 s -1 . Integration time per measuring point was set to 30 s.
It is noted that the recorded rheological responses are apparent, as detailed knowledge about the motion of the constituents of the systems and behaviour of the entire suspension is required to draw firm conclusions.
Determination of the apparent efficiency of the delamination process
Nanofibrillated cellulose samples with a consistency of about 0.02% (w/w) were prepared by first blending the concentrated NFC systems with water (using a magnetic stirrer for about 18 h at 750 rpm). The diluted systems were then centrifuged at 1000g for 15 min, to remove the larger constituents (e.g. residual fiber-fragments). It is noted that in an earlier correspondence (Naderi et al. 2014a ) the apparent networking concentration of a NFC Carb was found to be 0.04-0.07% (w/w), below which the larger constituents of the system were shown to be removed more readily by centrifugation.
The suspension concentrations before (c bc ) and after (c ac ) the centrifugation treatment were used to estimate the fraction of nano-sized cellulosic materials (c NS % (w/w)) in the dry content of the suspension:
It is noted that c NS denotes the fraction of entities which have the ability to resist phase separation during centrifugation. It is further noted that this method of analysis is based on the assumption that the magnitude of c NS increases with the increasing efficiency of the delamination process.
Atomic force microscopy studies
AFM imaging was performed in air, using ScanAsyst on a Multimode 8 (Bruker, Santa Barbera, CA) with a cantilever having a resonance frequency of 70 kHz, a spring constant of 0.4 N/m and a nominal tip radius of 2 nm (SCANASYST-AIR, Bruker, Camarillo, CA).
The NFC samples that were used in the studies were based on 0.02% (w/w) NFC suspensions that had been prepared by dilution of 2% (w/w) NFC systems (by stirring overnight using a magnetic stirrer for approximately 18 h at 750 rpm), and their subsequent centrifugation (1000 g for 15 min).
Samples for imaging studies were prepared by first oxidizing fresh silicon wafers ( 1x1 cm) for two minutes at 30 W power in a plasma oven. The oxidized wafers were subsequently washed with 0.1 M NaOH and Milli-Q water before being immersed in PEI solution (0.01 g/dm 3 ) for one second. After rinsing, the wafers were immersed in different NFC suspensions for ten seconds. After immersion the wafers were rinsed with Milli-Q water and dried in a flow of filtered N 2 gas.
Results and discussion
Eqs 2 and 3 describe the different steps in the desirable 4 carboxymethylation reaction; it is noted that Eq 2 is an equilibrium reaction.
In Table 1 the composition of the different carboxymethylation reactions have been summarized.
In Fig 1 the WRV, D .S. and reaction efficiency (yield) of the systems of Table 1 have been presented. An optimum in the properties of Pulp X is observed at X = 2-4% (w/w). The decrease of the investigated properties of Pulp X , for X > 4, is postulated to be due to the lowering of [OH - ] at the cellulose water interface (which decreases the reaction efficiency; see Eq 2) as the solubility of NaOH in the solvent-system is increased by increasing the water content. It is noted that a similar reasoning has been provided by Olaru and Olaru (2001) for explaining the differing efficiency of the carboxymethylation process in different solvent compositions.
The extreme WRV-values (> 5 (g/g)) were found to be caused by the (visual) clogging of the wire-cloth 5 . However, the comparable trends in D.S. and WRV observed in Figs 1a and b indicate that Pulp X (X > 0.8) possess a higher water retention ability compared to Pulp Reference . In this connection it is pointed out that the WRV has been shown (Laine et al. 2003) to increase with the increasing charge density of the fibrous system.
The impact of solvent composition on the properties of carboxymethylated pulps was investigated by comparing the properties of Pulp Reference with those of a carboxymethylated pulp that had been produced in a solvent system with 4% (w/w) water content. The latter (denoted as Pulp 4-Opt ) was produced at about the same D.S. as Pulp Reference , by decreasing the amount of reagent, to eliminate the impact of charge density on the system properties. The characteristics of the different pulp systems have been summarized in Table 2 . As it can be seen, a higher reaction yield and WRV are observed for Pulp 4-Opt as compared to Pulp Reference .
In Table 2 , the charge densities (D.S. Tit ) of the pulps, obtained by polyelectrolyte titration have been included. The results display a significantly higher D.S. Tit ( 140%) for Pulp 4-Opt compared to Pulp Reference . This could be rationalized by the differing swelling of the fibrous systems (as evident from the WRV, Table 2 ), and the different distributions of the charges through the different fibrous systems, arising from the different swelling abilities of the employed solvent systems. The lower swelling of the cellulose fiber in the 2-propanol-ethanolmethanol solvent system leads to the higher concentration of the carboxymethyl groups in the outer layers of Pulp Reference as compared to Pulp 4-Opt . The superficial charges of Pulp Reference together with the lower swelling of the system (which hinders the effective penetration of the large DMDAAC chains (M w  550 kg/mol)) leads to a faster charge compensation/over-compensation as compared to Pulp 4-Opt . In passing, it is noted that a similar reasoning has been employed by Horvath (2006) who investigated the charge distribution in different carboxymethylated pulp systems.
The shear viscosity of nanofibrillated systems based on Pulp Reference (NFC Reference ) and Pulp 4-Opt (NFC 4-Opt ) are displayed in Fig 2a; Fig 2b and Fig 2c contain the AFMimaging results of the same systems. Fig 2a displays a significantly higher viscosity (> 100%, at 0.1 s -1 ) for NFC 4-opt compared to NFC Reference . This can be related to a higher degree of fibrillation of the former system, which finds support in the imaging studies; Fig 2b indicates that NFC Reference is characterized by coarser materials and shorter fibrillated entities as compared to NFC 4-Opt (Fig  2c) . Table 3 contains the fraction of nano-sized materials (c NS ) and tensile strength properties of NFC Reference and NFC 4-Opt . The observed trends in the results are in good agreement with those of Fig 2. 
Concluding remarks
Nanofibrillated cellulose production has come a long way since the pioneering work conducted in ITT Rayonier (Turbak et al. 1983; Herrick 1984) . Today NFC can be produced by industrial relevant processes and is employed in various applications such as rheological modifiers in concrete, food and cosmetics (Iotti 2014) , as strength additive 6 in paper and cardboard production and as an absorbing component in diapers (Suga, Matsuda 2015) .
6 http://www.storaenso.com/rethink/a-beginners-guide-to-mfc b)
The usefulness of NFC in these applications could be foreseen already from the early days of NFC development thanks to the low level of demands of the applications on e.g. high NFC-consistency, ease of dewatering and narrow size distributions. Currently, however, there is a major drive by governmental bodies and the industry to broaden the application areas of NFC by e.g. employment in high-end applications. These applications (some of which were highlighted in the introduction section) often require NFCs which are produced at high dry contents with narrow size distributions, which can be dewatered by industrially relevant processes and at industrially acceptable cost levels.
Our group has demonstrated the production of NFC Carb at high consistencies (Krochak et al. 2011 ) ( 7% (w/w)). However, the large-scale application of NFC Carb has still been hampered by the fiber-fragment content of the NFC, together with the slow dewatering of the system (due to the high amount of charges).
In an earlier publication by our group (Naderi et al. 2015a) it was shown that the fiber-fragment content of NFC Carb can be reduced (without increasing the energy consumption in the mechanical delamination process) by repeated microfluidization 7 of the fibers; interestingly, the method also improved other NFC-properties. In this communication we focused on the carboxymethylation process, and proposed that a more homogeneous distribution of the system charges (brought about by using an appropriate solvent system) also decreases the fiber-fragment content (at the same time as it also enhances other properties) of NFC Carb . Therefore, it can be envisaged that the combination of (the reported) mechanical and chemical routes can lead to further reduction of the fiber-fragment content, and enhancement of other NFC-properties. The combination of the different routes can then potentially also allow for the lowering of the charge density of NFC carb (with beneficial effects on the dewatering of system) -without negatively affecting the properties of the NFC. Hence, the findings of this report can expedite the broader industrial employment of NFC Carb .
